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I. INTRODUCTION
Following Slack's ideal thermoelectric (TE) material Phonon Glass and Electron Crystal concept, CoSb 3 based skutterudites, which have an open structure (cage-like cubic unit cell (Im 3) with two icosahedron oversized voids at the 2a positions (12-coordinated) ) and crystal-like electric transport properties, [1] [2] [3] have been intensely pursued as one of the most promising TE materials. The efficiency of TE materials is evaluated by a dimensionless figure of merit, ZT, defined as ZT ¼ S 2 T/q j, where S, q, and j represent the Seebeck coefficient, electrical resistivity, total thermal conductivity (j ¼ j e þ j L , where j e and j L are the electronic and lattice contributions, respectively) and T is the absolute temperature. Suitable void filling and chemical substitution for CoSb 3 skutterudites can dramatically reduce their relatively high phonon mobility (thermal conductivity) while keep their excellent electric mobility. The Yb atom has been proved as one of the most efficient fillers owing to its lowvibration frequency, which favors the maximum reduction of j L . 4, 5 The high-pressure synthesis technique can improve the filling fraction limit (FFL) of Yb in CoSb 3 and thus provide a wider tuning of j L . 6, 7 By using high pressure synthesis technology, we have successfully improved the actual Yb filling fraction to 0. 29 ) . 8 The j L shows a minimum but its electronic properties are adversely affected by the high carrier concentration in Yb 0.29 Co 4 Sb 12 . To further optimize the TE performance, the excess electrons in Yb 0.29 Co 4 Sb 12 can be compensated by introducing a hole donor element in the Co site. The Fe atom is well used as the hole donor for the CoSb 3 skutterudite because the Fe atom has one 3d electron less than the Co atom and keeps a similar atomic radius compared with the Co atom. 9 However, the role of the Fe atom in the CoSb 3 structure and Yb filler is still a questionable problem although the TE properties are reported. [10] [11] [12] [13] [14] To compensate the excess charge with Fe substitution, the ratio of Fe substitution should be relatively low (that is, only 1/8 or 2/8 Co site was substituted by Fe). The change interval for Fe substitution was usually 1 (Yb y Fe x Co 4-x Sb 12 , x ¼ 1, 2, 3 and 4; 10 ) but the interval was 0.1 and the total Fe substitution content was smaller in this study (Yb y Fe x Co 4-x Sb 12 , x 1).
In this work, we studied the influence of both Yb filling and Fe substitution on the crystal structure and physical properties of Yb y Fe x Co 4-x Sb 12 and compared the crystal structure, TE properties, and magnetic properties of Yb y Co 4 Sb 12 and Yb y Fe x Co 4-x Sb 12 . The crystal structure refinements were performed on the selected compounds by Rietveld refinement. The physical properties were studied by measuring the dc magnetic susceptibility, specific heat, magnetroresistivity (MR), electric resistivity, Seebeck coefficient, Hall effect, and thermal conductivity. Published by AIP Publishing. 120, 235105-1
II. EXPERIMENT
The Yb filling fraction of 0.6 in Yb y Fe x Co 4-x Sb 12 was utilized based on the fact that our previous results revealed minimum thermal conductivity with this filling fraction. 8 The maximum Fe-substitution content of 1 was adopted because this Fe-substitution content already led to a transformation from n-type to p-type semiconductor. 15 Fe substituted Yb y Fe x Co 4-x Sb 12 samples with y ¼ 0.6, x ¼ 0, 0.2-1 were synthesized using a cubic-anvil high-pressure apparatus. The samples were prepared by reacting stoichiometric amounts of 3N (99.9% pure)-Yb and 3N-Fe, 4N-Co, and 6N-Sb powders under 2 GPa and kept at 590 C for 120 min. Details are described in our previous paper. 16 The crystalline phases of synthesized samples were characterized by X-ray diffraction (XRD) using Co K a1 radiation and silicon as a standard. The lattice parameters for the samples were calculated by the least-squares fitting method. To determine the actual element distribution and Yb filling fraction, elemental mapping and point analysis (beam size 50 lm) of the electron probe micro-analyzer (EPMA, JEOL JXA-8900R) were conducted on all compositions. For the point analysis, five or six different points were carefully chosen to reduce errors.
By utilization of synchrotron radiation, powder XRD patterns of the selected Yb y Co 4 Sb 12 (y ¼ 0.2, 0.4, and 0.6) and Yb y Fe x Co 4-x Sb 12 (y ¼ 0.6, x ¼ 0.3, 0.5, and 0.9) were measured with an imaging plate at ambient pressure and room temperature. The synchrotron radiation experiment with k ¼ 0.62 Å was performed at the BL-18C in KEK, Japan. The Rietveld refinement was carried out with the program (RIETAN-FP) developed by Izumi. 17 Electrical resistivity and dc magnetroresistance were measured by the standard four-probe method. The Hall effect measurement was performed using the Van der Pauw method under a magnetic field of 1 and À1 T by applying an electric current 1 mA. The Hall mobility l H was estimated from the electrical resistivity q and the Hall coefficient R H with the relation of l H ¼ jR H j/q. The Seebeck coefficient and thermal conductivity were measured by a thermal transport option of the Physical Property Measurement System (PPMS; Quantum Design Inc.). The TE properties of Yb y Fe x Co 4-x Sb 12 (y ¼ 0.6, x ¼ 0, 0.5, 1), which have already been reported in our previous paper, were used again for comparison. 15 The specific heat measurements were carried out with the thermal relaxation method by the PPMS. The dc magnetic susceptibility was measured with a Quantum Design SQUID magnetometer. Figure 2 shows the XRD patterns of all Yb y Fe x Co 4-x Sb 12 samples. The data for x ¼ 0, 0.5, and 1 are taken from our previous paper. 15 The relative intensities of the impurity phases with respect to the main peak reflection are below 4%. The secondary phases are located in the sample randomly as microsize particles and can be treated as static point defects, which only provide an additional carrier and phonon scattering source. 20, 21 Thus, it has an influence on the carrier concentration and thermal conductivity at very low temperature. For the magnetic measurement, the compounds without magnetic impurities were carefully chosen to reduce errors. 12 10 is shown in Fig. 3 further but only changes the point defect ratio. The third category samples saturated, so lattice constants were maintained in the range of 9.062 to 9.068 Å , which is similar to the reported values in Refs. 10 and 24. Moreover, the low Fe substitution content (that is, the Co site substituted by the Fe atom is lower than 1/4 in the unit cell) and slightly various intervals of Fe substitution were also possible to cause the irregular change for the third category samples. Therefore, lattice constants of Yb y Fe x Co 4-x Sb 12 were dependent on the actual content of both the Yb filling fraction and Fe substitution.
The influence of Fe substitution on the crystal structure of Yb y Fe x Co 4-x Sb 12 was studied by powder XRD using synchrotron radiation. The crystal structure was refined by Rietveld analysis of powder XRD. Figure 4 shows the observed XRD pattern and calculated profile and their difference for Yb 0. 47 12 were studied on the selected samples free from magnetic impurities. Figure 6 shows the inverse magnetic susceptibility 1/v for the selected compounds as a function of temperature. Below 50 K, the temperature dependence of 1/v deviated from the linear behavior due to the influence of impurity. Above 50 K, the v follows the Curie-
, where C is the Curie constant, hp is the paramagnetic Curie temperature, and a temperature independent susceptibility contribution v 0 . The linear slope of the 1/v vs. T curve from 60 to 300 K yields a 
where l total is the calculated total effective moment per f.u. Fig. 8 ). In addition, the T 2 dependence maintains in fields. The coefficient A of the T 2 term is listed in Table III . The parameter A decreases slightly with increasing magnetic field. Figure 9 shows the magnetic field B dependence of normalized MR at selected temperatures. For both compounds, the field dependence of MR is strong at 2 K and the dependence is weakened with increasing temperature. At In order to investigate the contribution of Yb doping and Fe-substitution to the specific heat of Yb y Fe x Co 4Àx Sb 12 , low temperature specific heat C was measured for selected compounds. Low temperature specific heat can be fitted by C(T) ¼ cT þ bT 3 (Debye T 3 low). c is the electronic specific heat coefficient and the Debye temperature h D ¼ (12p 4 R g n/ 5b) 1/3 , where R g is the gas constant and n is actual atoms/f.u. In this manner, we estimated c and h D (Table IV) In order to investigate the contribution of the Einstein vibration, the specific heat C was plotted in (C -cT)/T 3 as a function of T (Fig. 10) . The temperature dependence of (C -cT)/T 3 for CoSb 3 deviates from simple Debye behavior in the temperature range of 10-50 K. This might be attributed to the low-energy optical phonons of Sb 4 rings. 33, 34 It can be observed that all the compounds exhibit an enhanced large broad maximum at around 10-20 K, which should be attributed to the Yb filler. The upturn below 5 K should be attributed to the secondary phases. The maximum temperature T max shifts to lower temperature from 21.5 to 16.4 K with increasing Yb content. T max corresponds to the Einstein temperature h E with the relation h E ffi 4.92T max . The values of estimated h E are also listed in Table IV . The obtained Einstein temperature h E for Yb filling compounds is between 75 and 106 K. Those values are in good agreement with these acquired from extended X-ray absorption fine structure experiment (72 K and 79 K) and so on. 4, 35 The h E decreases from 106 to 75 K with increased Yb content in the {Co 4 Sb 12 } polyanion structure. The reduction of h E suggested that the low-energy optical modes (LGOMs) were shifted to lower temperature. The Fe substitution for Co, however, does not affect h E although the actual Yb filling ratio increased in the {Co x Fe 1Àx Sb 12 } polyanion. This result is consistent with the behavior of lattice thermal conductivity and might be the comprehensive effect of the increased Yb filling fraction and decreased Yb valence in the {Co x Fe 1Àx Sb 12 } polyanion.
D. Thermoelectric and transport properties of Yb y Fe x Co 4-x Sb 12
Figure 11(a) shows the temperature dependence of total thermal conductivity j. As Fe nominal content x increases, a reduction of thermal conductivity in Yb y Fe x Co 4-x Sb 12 (except x ¼ 0.2) is observed above 50 K. This behavior was also observed in other Fe substituted CoSb 3 -based compounds. 36 To investigate the origin of this behavior, the electronic contributed thermal conductivity j e is isolated by using the Wiedemann-Franz law: j e ¼ L 0 T/q, where L 0 denotes the Lorenz number with a numerical value of L 0 ¼ 2.0 Â 10 À8 V 2 /deg 2 , which is an experimental value estimated by Dyck et al. for skutterudites. 37 The lattice thermal conductivity j L is obtained by subtracting j e from j and is plotted in Fig. 11(b) . From Fig. 11(b) , the j L follows well with the $T À1 dependence above 100 K, implying that the main phonon scattering mechanism is the umklapp process (phonon-phonon scattering). 22, 38 The j L of Yb y Fe x Co 4-x Sb 12 at 300 K slightly increased. That is, the higher Yb filling fraction does not decrease j L further. The reduction of j mainly originated from the decrease of j e . From the Wiedemann-Franz law, it is clear that the decrease of j e was caused by the increase of resistivity with increasing Fe nominal content x. Table V summarizes the resistivity q, Seebeck coefficient S, carrier concentration n, and ZT of Yb y Fe x Co 4-x Sb 12 , at 300 K. The resistivity q of Yb y Fe x Co 4-x Sb 12 gradually increases with the increase in the Fe substitution content. This behavior might be related to the change of Sb 4 shape (as shown in Fig. 5) . 39 In our former research, 8 To gain deep insight into the effects of Fe substitution on the band structure, the effective mass of all samples was calculated. The effective mass was estimated by using a simple parabolic band model dominated with acoustic phonon scattering. The Seebeck coefficient S is described as below 32, 43 S ¼ 6 j B e
where j B is the Boltzmann constant, e is the electron charge, g is the reduced Fermi level with g ¼ E F /j B T, and F n is the Fermi integral of order n and can be expressed as
On the basis of the degenerate nature of the Yb y Fe x Co 4-x Sb 12 system, Eq. (2) can be written as
where h is Planck's constant, m* is the effective mass, and n is the carrier concentration. The effective mass m*/m 0 as a function of n is shown in Fig. 13 . The dashed line shows the $n 47 It can be speculated that the conduction band edge is not only affected by the filler atom but also by the Fe substitution for the Co site. The relatively high effective mass presented in the Fe substituted system might originate from the large density of states caused by Fe 3d states or the hybridization effect of rare earth electrons with Fe 3d states. 4, 48 This result is in accordance with band structure calculation results, which predicted a heavy conduction-band mass originating from hybridization of Yb 4f and Fe 3d states. A maximum of 38% improved figure of merit (ZT ¼ 0. 12 shows a heavy electron band system due to the substitution of Fe.
